A diarylurea compound 1 possessing pyrrolo[3,2-c]pyridine nucleus was designed and synthesized with structure similarity to Sorafenib. Compound 1 was tested over 60-cancer cell line panel at a single dose concentration of 10 µM and showed high activity. It was further tested in a five-dose mode to determine its IC 50 , TGI, and LC 50 values over the 60 cell lines. Compound 1 showed high potency and good efficacy, and was accordingly tested at a single dose concentration of 10 µM over a panel of 40 kinases. At this concentration, it completely inhibited the enzymatic activities of a number of oncogenic kinases, including ABL, ALK, c-RAF, FLT3, KDR, and TrkB. The target compound was subsequently tested over these 6 kinases in 10-dose testing mode in order to determine its IC 50 values.
Introduction
Cancer is a leading cause of death worldwide, and it accounted for 7.6 million deaths (around 13% of all deaths) in 2008 according to WHO reports. More than 70% of all cancer deaths occurred in low-and middle-income countries. Deaths from cancer worldwide are projected to continue to rise to over 11 million in 2030.
1 Cancer is thought to reflect a multi-step process, resulting from an accumulation of inherited and/or acquired defects in genes involved in the positive or negative regulation of cell proliferation and survival. The classical cancer treatments such as surgery, radiation and cytotoxic chemotherapy are seemed to be no longer effective neither for the complete eradication of disease nor for the improvement of cancer patients' life. For the development of a clinically recognizable human cancer, the activation or inactivation of as many as four or five different genes may be required.
2
The human genome encodes approximately 500 predicted protein kinases, and many of them are participating in signal transduction pathways that regulate cell growth and survival.
3 Over-expression of many kinases has been implicated in cancer initiation and progression. Much attention has been paid to the development of kinase inhibitors as anticancer agents.
Despite extensive efforts within the oncology field to develop kinase inhibitors, uncertainty remains over the relative merits of selective compounds versus less selective or ''multi-targeted" inhibitors. 4 Targeted molecules offer the clearest indication that in vivo effects result from the intended in vitro activity. Moreover, toxicity derived from additional activity against other kinases is likely to be reduced.
5
However, inhibition of a single kinase may not be sufficient to achieve a clinical benefit, either through the built-in redundancy of signaling pathways, or the ability of tumors to acquire resistance. 6 Inhibitors with activity against multiple kinases may in fact be more effective, and several multitargeted kinase inhibitors are now commercially available.
Sorafenib is an anticancer diarylurea derivative with multiple-kinase inhibitory effect. It has been approved by the U. S. food and drug administration (FDA) for treatment of advanced renal cancer. 7 It has also been approved in Europe for treatment of hepatocellular carcinoma.
8 Sorafenib is currently subjected to clinical trials for other types of cancer.
In the present study, the diarylurea target compound 1 was designed with structure similarity to Sorafenib (Fig. 1) . We recently reported its synthesis and antiproliferative potency against melanoma cell lines.
9 Herein, we report its cytotoxicity profile against a panel of another 60 cell lines of 9 different cancer types. Moreover, in an attempt to examine its mechanism of action at molecular level, compound 1 was tested at a single dose concentration of 10 μM over a panel of 40 kinases for determination of its kinase inhibition profile. At this concentration, compound 1 showed multiple inhibition over a number of oncogenic kinases. It was further tested in a ten-dose mode over 6 kinases in order to determine its IC 50 values.
Results and Discussion
Synthesis of the Target Compound 1 (Scheme 1). 7-Hydroxy-1H-pyrrolo[2,3-b]pyridinium 3-chlorobenzoate (3) was prepared by reacting 7-azaindole (2) with 3-chloroperbenzoic acid. 10, 11 Compound 3 was heated with phosphorus oxychloride to produce 4-chloro-7-azaindole (4).
11
Compound 5 was prepared according to the literature procedure.
12,13 Fusion of 4 with 4-nitroanline neat led to nucleophilic displacement of the 4-chloro group by the aromatic amino group, followed by rearrangement of the resulting secondary amine to give the amine hydrochloride salt 5, albeit in low yield. The benzamido derivatives 6 was obtained by reaction of the amino group of 5 with benzoyl chloride in the presence of diisopropylamine as a base. Reduction of the nitro group of 6 using Pd-C/H 2 gave the corresponding amino compound 7. The target compound 1 was prepared through heating 4-((4-ethylpiperazin-1-yl)-methyl)-3-(trifluoromethyl)aniline (8) with p-nitrophenyl chloroformate in the presence of triethylamine as a base to form the corresponding carbamate intermediate, and subsequent heating with compound 7. 
Biological Screening
In vitro Anticancer Screening. Our target compound was selected by the National Cancer Institute (NCI), 14 Bethesda, Maryland, USA, for in vitro anticancer assay against tumor cells in a panel of 60 cell lines taken from nine different tissues (blood, lung, colon, CNS, skin, ovary, kidney, prostate, and breast). The compound was tested at a single dose concentration of 10 μM, and the percentages of growth inhibition over the sixty tested cell lines were determined. The inhibition percentages expressed at this concentration over the full panel of cell lines are illustrated in Table 1 . Compound 1 demonstrated a remarkable mean inhibition of 112.86% over the 60 cell lines. As shown in Table 1 , compound 1 showed moderate to strong inhibitions over most of the tested cell lines. The inhibitions exceeded 100% to exert a lethal, rather than inhibitory, effect in 35 cell lines.
After the initial single dose screening, compound 1 was further tested in five-dose mode in order to determine its potencies and efficacies over the 60 cancer cell lines. IC 50 (the concentration producing 50% inhibition), TGI (the concentration producing 100% inhibition) and LC 50 (the concentration causing 50% lethality or 50% tumor regression) were recorded. The five-dose testing results of compound 1 are shown in Table 1 . The compound showed high potency against almost all the cancer types. Its IC 50 values were in sub-micromolar range over 22 cell lines. Of special interest, the IC 50 values over KM12 colon cancer cell line and NCI-H460 non-small cell lung cancer were < 10 nM and 95 nM, respectively. In addition, the compound showed high efficacies, being able to induce total growth inhibition (TGI) at 87% of the tested cell lines, and 50% lethality (LC 50 ) in 32% of the tested cell lines at concentrations below 100 μM.
In vitro Kinase Screening. In order to investigate the mechanism of action and the kinase inhibitory profile of the target compound 1, it was tested at a single dose concentration of 10 μM over a panel of 40 kinases. As illustrated in Figure 2 , compound 1 exerted multiple inhibitions over a but with a milder degree, 68%, at the same concentration. But the inhibitions were below 53% in the other tested 33 kinases. ABL is a fusion tyrosine kinase responsible for 90% of chronic myeloid leukemia (CML) cases.
15 Anaplastic Lymphoma Kinase (ALK) is a member of the insulin receptor tyrosine kinase family. Nucleoplasmin-ALK (NPM-ALK) is constitutively active and plays an oncogenic role in 70-80% of all anaplastic large cell lymphomas. 16, 17 Two other ALK fusion mutants of relevance in cancer pathogenesis were reported, tropomyosin 3 gene (TPM3-ALK) in inflammatory myofibroblastic tumors 18 and echinoderm microtubule-associated protein-like 4 gene (EML4-ALK) 19, 20 in non-small cell lung cancers. Over-expression of ALK was also observed in glioblastoma 21 and neuroblastoma. 22 Dysregulated signaling through RAF kinase isoforms has been detected in ~30% of human cancers. 23 Wild type c-RAF is hyperactivated in a wide range of human solid tumors.
7 It is significantly associated with disease progression and cell proliferation in a subset of melanoma. [24] [25] [26] Mutations of the RAF protein were found in approximately 7% of human cancers 27,28 with particularly high frequency in melanoma (50-70%), ovarian (35%), thyroid (30%), and colorectal (10%) cancers. FLT3 kinase is a type III receptor tyrosine kinase whose mutations were reported in about 30% of cases of acute myeloid leukemia (AML).
29 KDR (VEGFR2) kinase plays a critical role in tumor angiogenesis in solid cancers. 30 Trk kinases are important for regulation of development and for the correct functioning of the neural system. Normally, they are expressed at low levels outside the CNS in adults. Pathological over-expression, activation, and amplification of Trk may lead to numerous cancer types including neuroblastoma, [31] [32] [33] [34] ovarian, 35, 36 prostate, 37 and colorectal cancer. 38 In addition, several studies have reported the implication of TrkB receptor with Alzeheimer's disease. 39, 40 Aurora-A is a putative oncogene that is over-expressed in a number of human malignancies including colon, gastric, breast, pancreatic, and ovarian cancers. 41 The multiple inhibitions expressed by compound 1 over this group of oncogenic kinases might synergize together to give the strong and broad-spectrum anticancer activity of the compound.
Subsequently, compound 1 was tested in 10-dose testing mode in order to determine its IC50 values over six kinases; ABL, ALK, c-RAF, FLT3, KDR, and TrkB. Over those 6 kinases, compound 1 showed the highest inhibitions in single dose testing . The IC 50 values are presented in Table 2 . For instance, the compound demonstrated 2-digit nanomolar IC 50 values over TrkB, KDR, and FLT3 kinases.
Conclusions
The target compound 1 showed good anticancer potencies and efficacies over a wide range of cancer cell lines. At 10 μM concentration, it exerted lethal effect over 35 cell lines of all the nine tested cancer types. In addition, it showed high potency with IC 50 values in sub-micromolar scale over 22 cell lines of eight different cancer types. Compound 1 showed high efficacies also against a wide range of cancer cell lines. Its TGI and LC 50 values were less than 100 μM over 39 and 8 cell lines, respectively. Due to extremely high potencies over KM12 colon cancer cell line and NCI-H460 non-small cell lung cancer, along with very high efficacy against KM12, compound 1 may be a promising candidate for treatment of colon and non-small cell lung cancers. In in vitro kinase screening, compound 1 demonstrated multiple inhibitions over a number of oncogenic kinases. The kinase inhibitions are anticipated to be responsible for anticancer activity of this compound. And multiple-kinase inhibitory effect of compound 1 may produce synergistic effect, and hence broad-spectrum anticancer activity. Compound 1 can be utilized as a promising lead for development of new anticancer agents with kinase inhibitory effect.
Experimental
Synthetic Experimental. The target compound was synthesized by the previously reported method. NCI-60 Cell Line Screening. Cell line screening was applied at the NCI, Bethesda, Maryland, USA, 14 applying the following procedure. The human tumor cell lines of the cancer screening panel are grown in RPMI 1640 medium containing 5% fetal bovine serum and 2 mM L-glutamine. For a typical screening experiment, cells are inoculated into 96-well microtiter plates in 100 μL at plating densities ranging from 5000 to 40,000 cells/well depending on the doubling time of individual cell lines. After cell inoculation, the microtiter plates are incubated at 37°C, 5% CO 2 , 95% air and 100% relative humidity for 24 h prior to addition of experimental drugs. After 24 h, two plates of each cell line At the time of drug addition, an aliquot of frozen concentrate is thawed and diluted to twice the desired final maximum test concentration with complete medium containing 50 μg/mL gentamicin. Additional four, 10-fold or 1/2 log serial dilutions are made to provide a total of five drug concentrations plus control. Aliquots of 100 μL of these different drug dilutions are added to the appropriate microtiter wells already containing 100 μL of medium, resulting in the required final drug concentrations. Following drug addition, the plates are incubated for an additional 48 h at 37°C , 5% CO 2 , 95% air, and 100% relative humidity. For adherent cells, the assay is terminated by the addition of cold TCA. Cells are fixed in situ by the gentle addition of 50 μL of cold 50% (w/v) TCA (final concentration, 10% TCA) and incubated for 60 min at 4 °C. The supernatant is discarded, and the plates are washed five times with tap water and air dried. Sulforhodamine B (SRB) solution (100 μL) at 0.4% (w/v) in 1% acetic acid is added to each well, and plates are kept for 10 min at room temperature. After staining, unbound dye is removed by washing five times with 1% acetic acid and the plates are air dried. Bound stain is subsequently solubilized with 10 mM trizma base, and the absorbance is read on an automated plate reader at a wavelength of 515 nm. For suspension cells, the methodology is the same except that the assay is terminated by fixing settled cells at the bottom of the wells by gently adding 50 μL of 80% TCA (final concentration, 16% TCA). Using the seven absorbance measurements [time zero, (Tz), control growth, (C), and test growth in the presence of drug at the five concentration levels (Ti)], the percentage growth is calculated at each of the drug concentrations levels. Percentage growth inhibition is calculated as:
• [(Ti-Tz)/(C-Tz)] × 100 for concentrations for which Ti ≥ Tz • [(Ti-Tz)/Tz] × 100 for concentrations for which Ti < Tz Three dose response parameters are calculated for each experimental agent. Growth inhibition of 50% (IC 50 ) is calculated from [(Ti-Tz)/(C-Tz)] × 100 = 50, which is the drug concentration resulting in a 50% reduction in the net protein increase (as measured by SRB staining) in control cells during the drug incubation. The drug concentration resulting in total growth inhibition (TGI) is calculated from Ti = Tz. The LC 50 (concentration of drug resulting in a 50% reduction in the measured protein at the end of the drug treatment as compared to that at the beginning) indicating a net loss of cells following treatment is calculated from [(TiTz)/Tz] × 100 = −50. Values are calculated for each of these three parameters if the level of activity is reached; however, if the effect is not reached or is exceeded, the value for that parameter is expressed as greater or less than the maximum or minimum concentration tested.
Kinase Profiling. P-ATP] (specific activity approx. 500 cpm/pmol, concentration as required). The reaction is initiated by the addition of the Mg-ATP mix. After incubation for 40 min at room temperature, the reaction is stopped by the addition of 5 μL of a 3% phosphoric acid solution. 10 μL of the reaction is then spotted onto a P30 ltermat and washed three times for 5 min in 75 mM phosphoric acid and once in methanol prior to drying and scintillation counting.
